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Abstract
The very forward region of the detector at a future linear collider will be instrumented with two sampling calorime-
ters - BeamCal and LumiCal - for fast beam parameter estimates, precise luminosity measurements, as well as for
the improvement of the hermeticity of the detector at small angles. These very forward calorimeters are designed to
sustain high radiation doses and deliver precise and valuable data for the machine- and physics-related measurements.
Sensor and ASIC prototypes were developed and tested. Here we report on sensor characteristics and test-beam results
obtained from a sensor plane assembled with front-end and ADC ASICs.
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1. Introduction
Two special calorimeters are foreseen in the very
forward region of future Linear Collider detectors
[1]: a Luminosity Calorimeter (LumiCal) and a Beam
Calorimeter (BeamCal). LumiCal will measure the
luminosity and BeamCal will allow fast estimate and
measurement of the beam parameters. Both calorime-
ters extend the detector coverage to low polar angles,
important e.g. for new particle searches with miss-
ing energy signature. LumiCal and BeamCal are de-
signed as cylindrical sensor-tungsten sandwich electro-
magnetic calorimeters. Both consist of 30 tungsten
disks of 3.5 mm thickness, each corresponding to one
radiation length, interspersed with sensor layers. Each
sensor layer is segmented radially and azimuthally into
pads. Front-end ASICs are positioned at the outer ra-
dius of the calorimeters. LumiCal is positioned in a cir-
cular hole of the end-cap electromagnetic calorimeter
ECAL. BeamCal is placed just in front of the ﬁnal fo-
cus quadrupole. BeamCal covers polar angles between
5 and 40 mrad and LumiCal between 31 and 77 mrad.
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Figure 1: The proposed LumiCal and BeamCal design.
A sketch of the LumiCal and the lower half of the
BeamCal design is shown in Figure 1. This picture
shows a LumiCal and a BeamCal with 30 layers, as pro-
posed for ILC [2], while the CLIC [3] version has 40
layers.
2. Prototype sensor planes
LumiCal silicon sensors have been designed at Insti-
tute of Nuclear Physics PAN in Cracow [4] and man-
ufactured by Hamamatsu Photonics. The thickness of
the n-type silicon bulk is 320μm and their shape is a
ring segment of 30◦. BeamCal GaAs sensors have been
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produced by Tomsk State University [5]. The thickness
of the GaAs:Cr sensor is 500 μm. Its shape is a ring
segment of 22.5◦. All sensors were characterized in the
laboratory from an electrical point of view. The leakage
current as a function of the bias voltage for a LumiCal
sensor is shown in Figure 2. The Charge Collection Ef-
ﬁciency (CCE) as a function of applied voltage (see Fig-
ure 3) was measured for a BeamCal sensor. The CCE
saturates at 50% at a ﬁeld strenght of 0.2 V/μm for all
pads.
Figure 2: The leakage current for a LumiCal sensor as a function of
the bias voltage.
Figure 3: CCE for a BeamCal sensor as a function of applied voltage.
GaAs sensors were tested for radiation hardness at
an electron beam up to 1.5 MGy. The sensors were
connected to a fan-out, and specially developed front-
end (FE) [6, 7] and ADC ASICs. The FE ASICs com-
prise two feedback types (4 channels each). In total,
32 sensor pads were read out by four pairs of FE +
ADC ASICs. In addition, 8 channels were read out
by a CAEN ADC, in parallel to the ASICs, for com-
parison. During 2010 and 2011, the FCAL collabora-
tion performed three beam tests. The LumiCal and the
BeamCal sensors prototypes were equipped with a full
read out chain. The ZEUSMVD telescope [8] was used
for high precision tracking with about 9 μm spatial res-
olution on the two directions perpendicular to the beam.
The sensor prototypes were placed between or down-
stream of the telescope planes, on a remotely controlled
XY table. Electron beam energies up to 4.5 GeV were
used.
3. Results
A few selected examples of results obtained with
BeamCal sensors in the electron beam are shown here:
the impact point reconstruction and GaAs sensor re-
sponse, the signal-to-noise ratio for 32 GaAs pads, and
the e.m. shower energy deposition measured for diﬀer-
ent thicknesses of tungsten placed upstream of the GaAs
sensor. Using the data from each telescope plane, it is
possible to calculate a particle track from the beam line.
Knowing the particle track, one can predict the impact
point on the plane of the device under test (DUT). The
distance between the predicted and the measured hit-
point coordinates were minimised. The centroids of the
clusters of electric charge produced by the passage of
incident electrons in the telescope planes were stored.
Figure 4: BeamCal impact point reconstruction from telescope data.
The pad structure of the GaAs BeamCal sensor is ac-
curately reproduced in the Figure 4.
The signal to noise ratio was calculated as follows:
S/N =
MPV
σPedestal
(1)
where MPV is the most probable value of signal
spectrum and σPedestal is the standard deviation of the
pedestal distribution. The S/N values for GaAs Beam-
Cal sensor for all 32 channels are presented in Figure
5. The small diﬀerences between two sub-sets of GaAs
pads can be explained by the larger area for the pads
with lower numbers.
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Figure 5: The signal-to-noise ratio for BeamCal sensor as a function
of the channel number.
In order to observe energy deposition inside an elec-
tromagnetic shower, tungsten plates of 7 mm thickness
(approximately 2 radiation length each) were installed
upstream of the BeamCal sensor. The average energy
deposited in the instrumented area as a function of the
tungsten thickness is shown in Figure 6. The mea-
sured shower maximum is observed after six radiation
lengths.
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Figure 6: The energy deposited in the BeamCal sensor as a function
of the tungsten thickness.
4. Conclusions
Data taken in test beams were processed using var-
ious algorithms to investigate the response of large-
area pad sensors assembled with a full readout chain.
The obtained results indicate an excellent working per-
formance of all components (silicon or GaAs sen-
sors,frontend electronics) and fulﬁlled the requirements
for BeamCal and LumiCal. The S/N for BeamCal sen-
sor was about 23 and was slightly larger for pads with
smaller area.
5. Future steps
In the coming years, the FCAL collaboration will de-
velop and manufacture an infrastructure for future beam
tests of very compact e.m. calorimeters. It will allow in-
stalling up to 30 layers of sensor-tungsten sandwiches.
As a ﬁrst step, a test beam campaign of a four-layer
module is scheduled to take place at CERN in October
2014.
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